Tumor necrosis factor (TNF) and IL-I are thought to mediate many of the pathophysiologic changes of endotoxemia and Gram-negative bacteremia. In these studies, heat-killed Staphylococcus epidermidis were infused into rabbits to determine whether an endotoxin (LPS)-free microorganism also elicits cytokinemia and the physiologic abnormalities seen in Gramnegative bacteremia. S. epidermidis induced complement activation, circulating TNF and IL-1, and hypotension to the same degree as did one-twentieth the number of heat-killed Escherichia coli. Circulating IL-1ft levels had a greater correlation coefficient (r = 0.81, P < 0.001) with the degree of hypotension than TNF levels (r = 0.48, P < 0.02). Leukopenia, thrombocytopenia, diffuse pulmonary capillary aggregation of neutrophils, and hepatic necrosis with neutrophil infiltration were observed to the same extent after either S. epidermidis or E. coli infusion. However, S. epidermidis infusion did not induce significant (< 60 pg/ml) endotoxemia, whereas E. coli infusion resulted in high (11,000 pg/ml) serum endotoxin levels. S. epidermidis, E. coli, LPS, or S. epidermidis-derived lipoteichoic acid (LTA) induced TNF and IL-1 from blood mononuclear cells in vitro. E. coli organisms and LPS were at least 100-fold more potent than S. epidermidis or LTA. Thus, a shock-like state with similar levels of complement activation as well as circulating levels of IL-1 and TNF were observed following either S. epidermidis or E. coli. These data provide further evidence that host factors such as IL-1 and TNF are common mediators ofthe septic shock syndrome regardless ofthe organism. (J. Clin. Invest. 1991. 87:1925-1935
Tumor necrosis factor (TNF)' and IL-I induce hemodynamic shock in experimental animals (1) (2) (3) (4) ; the combined infusion of IL-I and TNF produces tissue damage and metabolic derangements similar to those associated with injury and sepsis in humans (3) (4) (5) . Furthermore, serum TNF and IL-1,8 levels are elevated in patients with Gram-negative bacteremia, and correlate with severity ofthe sepsis (6) . Other peptide and lipid mediators, such as anaphylatoxins, arachidonic acid metabolites, and platelet-activating factor (PAF) also contribute to the pathophysiologic changes of Gram-negative bacteremia (7) (8) (9) (10) (11) (12) (13) (14) .
The importance of TNF in the pathogenesis of the septic shock syndrome has been shown using neutralizing antibodies against TNF that prevent lethal endotoxic and septic shock due to E. coli bacteremia (15) (16) (17) (18) . Thus, the Gram-negative septic shock syndrome appears to require TNF. However, there are no experimental sepsis models in which cytokines have been shown to play a role in the absence of endotoxemia. Grampositive organisms offer an opportunity to study cytokine production and the shock syndrome independent of endotoxin.
Staphylococcus epidermidis can be a cause of sepsis and shock (19) (20) (21) (22) (23) (24) . Moreover, the incidence of bacteremia due to this organism has increased during last two decades (19, 22, 23) . Septic shock was observed in 15-22% ofpatients with positive blood cultures for S. epidermidis (21) (22) (23) and the crude mortality rate of sepsis caused by S. epidermidis has ranged from 18.5% to 57% (19) (20) (21) . Natanson and colleagues demonstrated that Staphylococcus aureus was capable of producing cardiovascular dysfunctions in the dog similar to those seen in humans (25) . Decreased mean arterial pressure, decreased ejection fraction, normal or increased stroke volume index, and cardiac index were observed during S. aureus sepsis in the absence of endotoxemia. A similar pattern was observed using viable or killed S. aureus. The authors concluded that sepsis, whether due to Gram-positive or Gram-negative organisms, induced similar hemodynamic dysfunctions, were likely due to a final common pathway of inflammatory mediators, and that endotoxin was not necessary for septic shock to occur (25) .
In this study, we have employed a similar experimental approach comparing the effects ofGram-positive heat-killed S. epidermidis to those of killed E. coli organisms in rabbits. We used rabbits to measure circulating levels of TNF (26) and of IL-la and (3 by specific radioimmunoassays (27) . These methods allowed us to test the hypothesis that circulating cytokine levels rather than levels of endotoxin would correlate with hemodynamic changes. We also investigated the ability oflipoteichoic acid (LTA) derived from S. epidermidis and LPS derived from E. coli to induce TNF and IL-1 from rabbit cells in vitro. The in vivo experiments were designed to compare complement activation, TNF and IL-1 production, and the appearance of a shock-like state following either S. epidermidis or E. coli. We found that injection of either organism results in a septic shock-like syndrome by inducing similar levels of TNF and IL-1; these studies provide further evidence that cytokine production and shock occur without a requirement for endotoxemia.
Methods
Bacterial preparation. S. epidermidis (a blood culture isolate) and E. coli (0127: B8, American Type Culture Collection, Rockville, MD) were inoculated into brain heart-infusion broth (BBL Microbiology Systems, Becton, Dickinson, & Co., Cockeysville, MD) prepared in pyrogen-free water. The S. epidermidis is encapsulated and nonhemolytic; E. coliO127: B8 is encapsulated, serum resistant, and nonhemolytic. After overnight shaking, cultures were centrifuged and washed three times in pyrogen-free saline, and then bacteria were killed by boiling for 20 min. After two further washings, aliquots ofthe bacterial suspensions were adjusted to 1.0 x 1010 organisms/ml, and stored at -70'C until used in experiments. The concentration of bacteria was determined spectrophotometrically, and confirmed by counting viable colonies using pour plate techniques before boiling. Direct microscopic counting ofthe bacteria was also used. The LPS content ofthe supernatant from the last washing was < 10 pg/ml based on the U. S. Standard Endotoxin (EC-5; Bureau of Biologics, Bethesda, MD) in both S. epidermidis and E. coli preparations, as measured by Limulus amebocyte lysate test with a sensitivity of 10 pg/ml (Associates of Cape Cod, Woods Hole, MA).
Rabbit model. The rabbit model was prepared according to the methods described previously (3) with minor modifications. Female New Zealand White rabbits (4.1±0.3 kg) were housed for a minimum of a week in the animal care facilities of the New England Medical Center and were free of infections. The rabbits were anesthetized with an initial intramuscular injection of 6 mg/kg xylazine and 20 mg/kg ketamine followed by 10 mg/kg ketamine injection i.m. every hour. Catheters (American Edwards Laboratories, Irvine, CA) were placed in the ascending aorta (3F thermodilution probe) from the right carotid artery, the superior vena cava from the right jugular vein, and the abdominal aorta from the left femoral artery, to continuously record mean arterial pressure (MAP) and central venous pressure (CVP), and to measure cardiac output (CO). Hemodynamic parameters were recorded every 20 min, and blood sampling was made hourly, unless otherwise stated, from the arterial line with the same volume of saline as replacement. The total fluid (saline) administered to each animal during the study was 5 ml/kg per h. CO was measured by the thermodilution method; systemic vascular resistance (SVR) was calculated as follows: (MAP-CVP) 80/CO (dyn -s -cm-5). After the insertion of the catheters, hemodynamic parameters were monitored for 60 min. After these 60 min, hemodynamic parameters were measured and expressed as percent change of the value at t = 0 min. The bacteria were thawed and resuspended in 10 ml of sterile saline at various concentrations, and then infused into the superior vena cava over 20 min beginning at t = 0 min while monitoring MAP. The bacteria were infused slowly to avoid a direct effect on hemodynamic parameters.
In vitro TNFand IL-] production by rabbit peripheral blood mononuclear cells. Heat-killed S. epidermidis, heat-killed E. coli, LTA, and LPS were compared for their ability to induce the production of TNF and IL-I in vitro. Rabbit PBMC were isolated by Ficoll-Hypaque centrifugation as previously described (26) ,gg/ml ofpolymyxin B (PMB, clinical grade; Pfizer, Inc., New York) for 1 hr at room temperature, then added to PBMC to block the effect of LPS. LTA was prepared from S. epidermidis and characterized by previously published procedures (28, 29) . Total TNF and IL-I production by PBMC were determined after three cycles offreeze-thawing, as previously described (26) .
TNF and IL-I assay. TNF activity was measured by cytotoxicity in L929 murine fibroblasts, as described elsewhere (26) . In brief, after an 18-h incubation of L929 cells in 96-well microtiter plates at 4.0 X 104 cells per well, culture medium was removed, and recombinant human TNF (kindly provided by Genentech Inc., South San Francisco, CA) as the standard, or samples were added with actinomycin D (1 ug/well). Serum samples were diluted 10-to 1,000-fold with RPMI, whereas in vitro TNF production by PBMC was determined by using 5 to 20-fold dilution of the samples. The cells were stained with 0.1% crystal violet in 100% methanol and the OD at 595 nm was measured with a Microplate Reader (Bio-Rad Laboratories, Richmond, CA). The units of TNF were calculated based on the cytotoxicity of known concentrations of TNF in the standard curve of the same assay.
Rabbit IL-la and IL-lIl were determined by specific RIAs (27) using goat antibodies raised against recombinant rabbit IL-la or IL-1 ,l, as described previously (30) . Plasma samples collected in EDTA and aprotinin were assayed in the RIAs after two chloroform extractions to optimize detection of circulating IL-1, as previously described (31). The sensitivity of rabbit IL-la RIA and IL,Il( RIA were 25-50 and 90-180 pg/ml, respectively (95% confidence level) (27) .
Determination of complement activation. Complement activation was determined by assay oftotal hemolytic activity and serum C5a-like neutrophil aggregating activity according to the method described previously (32) with minor modification. In brief, total complement activity was measured by the hemolysis ofsensitized sheep erythrocytes (DIAMEDIX, Miami, FL). Diluted (1:300) serum samples were incubated at 370C for 1 h with sensitized sheep erythrocytes, then the OD (405 nm) of the supernates was determined spectrophotometrically after centrifugation. Percent hemolysis was calculated by standard techniques. Total hemolytic complement activity at each time point is expressed as the percent of the hemolytic activity present at t = 0 min. Serum C5a-like activity was determined by aggregometry using rabbit neutrophils. 50 Al of serum was added to 500 Al of a suspension of cytochalasin-B-treated rabbit neutrophils in HBSS at a concentration of 5.0 x 106 cells/ml. Aggregation was measured in a standard platelet aggregometer (Payton Scientific Inc., Buffalo, NY), and percent aggregating activity was expressed as the maximum increment in light transmission observed for a sample, divided by the maximum increment produced by the maximally activated rabbit serum (serum incubated with zymosan, 4 mg/ml, for 30 min at 370C).
Histological studies. At the end of the experimental period (300 min after bacterial infusion), rabbits were sacrificed for necropsy with intravenous sodium pentobarbital injection. The tissues were removed, and fixed in buffered 10% formalin (pH 7.4). Tissues were dehydrated, imbedded in Parablast (Sigma), cut into 3-4-Am sections, and mounted. After removing the paraffin, tissues were stained with hematoxylin and eosin. Brown and Brenn stain was performed in some sections.
Data analyses. Results were expressed as the mean±standard error of mean. Statistical significance was determined by one-way analysis of variance for multiple groups, unless otherwise stated, using Stat-View software (Abacus Concepts, Inc., Calabasas, CA) on a Macintosh computer (Apple Computer, Inc., Cupertino, CA).
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Results S. epidermidis induces hypotension and cytokinemia in a dosedependentfashion. Control animals infused with saline at t = 0 min maintained stable hemodynamic parameters over 6 h of continuous monitoring (see Fig. 4 C), although the hematocrit decreased as a result of serial blood sampling and volume replacement with saline (data not shown). MAP for five rabbits was 66.4±1.8 mmHg at t = 0 min (saline infusion); 63.4±3.2 at t = 180 min; and 63.2±2.2 at t = 300 min. Serum TNF and plasma IL-1: levels did not differ from measurements before the saline infusion. When administered at a dose of 1.0 x 1010 organisms/kg, S. epidermidis infusion did not change hemodynamic parameters significantly from preinjection measurements (n = 6, data not shown). In response to this dose of S. epidermidis, serum TNF levels increased significantly from 3.7±1.3 U/ml to 22.4±3.9 U/ml at t = 60 min (P < 0.05), whereas plasma IL-S I levels did not differ significantly from a baseline level (t = 0 min) before the S. epidermidis infusion.
The dose of S. epidermidis was then doubled to 2.0 X 10'0/ kg. Although hemodynamic parameters became unstable, they did not reach a statistically significant difference from the value at t = 0 min ( Fig. 1 A) . Serum TNF reached peak levels after 60 min of 57.0±14.4 U/ml (P < 0.05), and plasma IL-1I# levels increased to a peak level of 328.8±60.6 pg/ml at t = 180 min ( Fig. 1 B) . When the dose was increased to 5.0 X 1010 of S.
epidermidis/kg, transient hypotension from t = 40 min to t = 220 min was observed, accompanied by a decrease in SVR ( Fig. 2 A) . MAP and SVR decreased maximally to -25.7±2.2% (P < 0.01) and -27.5±3.3% (P < 0.01), respectively, at the same time (t = 140 min), then began to increase. MAP returned to nearly preinfusion levels (P > 0.05 from the value at t = 0), whereas SVR remained decreased (P < 0.05), with a statistically significant increase in CO at t = 280 and 300 min (P < 0.05). The mean peak serum TNF level was 123.2±43.0 U/ ml at t = 60 min, and remained significantly elevated at t = 120 min (Fig. 2 B) . Plasma IL-1,B levels were increased significantly at t = 120 min, and reached a maximum elevation of 458.3±83.0 pg/ml at t = 180 min (Fig. 2 B) . A further doubling ofthe dose to 1.0 X 10" S. epidermidis/ kg resulted in severe and sustained hypotension, depicted in Fig. 3 A. The maximal fall of MAP occurred at t = 180 min (36.0±1.8 mmHg, -41.2+5.4%; P < 0.01), and was associated with the maximal decrease in SVR (-38.7±5.6%; P < 0.01). CO remained unchanged (P > 0.05), with a slight decrease in CVP (-1.3±0.2 mmHg; P < 0.05) at t = 220 and 240 min. These rabbits developed rhinorrhea, conjunctival discharge, and diarrhea during the experiment, and peritoneal fluid accumulation was also noted at necropsy. These observations are consistent with endothelial injury and capillary leak resulting in water sequestration from vascular beds and requiring, in turn, a large fluid replacement (33) .
As shown in Fig. 3 B, the peak serum TNF level was 179.3±48.3 U/ml at t = 60 min, and 127.3±37.7 U/ml at t = 120 min. This dose ofS. epidermidis also induced a high and sustained elevation of IL-,lB (1.6±0.5 ng/ml at t = 120 min, 2.4±0.7 ng/ml at t = 180 min, 2.3± 1.0 ng/ml at t = 240 min, 1.0±0.4 ng/ml at t = 300) (P < 0.05 from t = 0) (Fig. 3 B) . Plasma IL-I a was found in the same samples, as determined by the rabbit IL-I a RIA (27) and showed good correlation (r = 0.84, P < 0.001) with plasma IL-1, levels, although at 2.5-fold lower concentrations. Data are presented as mean±SEM for four rabbits. Asterisk represents P < 0.05 when compared to t = 0.
Comparison with E. coli infusion. We next examined these changes induced by Gram-negative bacteremia, in which LPS is believed to play an important role. Using identical techniques, rabbits were given an infusion of heat-killed E. coli. Initial studies indicated that the same degree of hypotension seen in rabbits infused with the high dose ofS. epidermidis was observed in rabbits infused with one-twentieth the dose of E. coli. A dose of 5.0 x 109 of E. coli/kg was chosen for further study. Fig. 4 , A and B, shows that this number ofE. coli induces hemodynamic changes and increases in circulating TNF and IL-1(3 levels to the same degree as does high dose S. epidermidis. Fig. 4 A depicts the maximal fall of MAP (35.0±3.0 mmHg, -41.2±3.9%; P < 0.01) and SVR (-40.6±8.3%; P < 0.02) which occurred at the same time (t = 280 min) in these rabbits. There was no significant difference in the hemodynamic parameters between high dose S. epidermidis and E. coli infused animals (Fig. 4 except the percent CO at t = 100 min (S. epidermidis; 97.0±1.4% vs. E. coli; 91.7± 1.0%; P < 0.05). Serum TNF reached peak levels of 193.3±47.4 U/ml at t = 60 min, then declined to 99.3±29.8 U/ml at t = 120 min, and 55.8±25.7 U/ml at t = 180 min (Fig. 4 B) . Peak IL-If levels of 1.7±0.7 ng/ml were measured at t = 180 min, and 1.4±0.7 ng/ml at t = 240 min (Fig. 4 B) . Interestingly, the peak IL-1fI levels tended to be lower in rabbits infused with E. coli than in rabbits following high dose S. epidermidis, although the peak TNF levels and the degree of hypotension did not differ in either group.
Correlation between hemodynamic parameters and circulating cytokine levels. Correlations were analyzed between hemodynamic parameters and circulating cytokine levels at the same time points. The hyperbolic shape ofthese data suggested that they could be transformed to the inversion of circulating cytokine levels before analysis by simple linear regression. As shown in Fig. 5, A coli. Complement depletion was sustained over the whole period of the experiment (Fig. 6 A) . from rabbits given S. epidermidis) and at t = 120 min, t = 240 min, and t = 300 (serum from rabbits infused with E. coli). Serum C5a-like activity as measured by neutrophil aggregometry increased rapidly after either bacterial infusion (Table I) . As shown in Fig. 6 B, significant (P < 0.05) aggregation was produced by serum obtained at t = 30 min and 60 min from rabbits infused with 1.0 X 1011 S. epidermidisfkg, and at t = 60 min from rabbits infused with 5.0 X 109 E. coli/kg. In most neutrophil aggregation assays, peak aggregation was observed in samples obtained at t = 30 min, and then aggregation diminished gradually at further time points. Samples from control animals (saline infusion at t = 0 min) induced < 20% of maximum aggregation at any time point. There was no significant difference in the degree of aggregation produced by serum obtained from either S. epidermidis or E. coli-infused animals. Serum endotoxin levels and complete blood counts. Serum LPS levels were measured by the Limulus amebocyte lysate test. Serum was first diluted 1:5 with pyrogen-free saline and heated to 100IC for 10 min to reduce the effect of nonspecific inhibitors (34) . Most serum samples from saline and S. epidermidis-infused animals were below the detection limit, but due to the dilution, an undetectable value was assigned a value five times the detection limit of the assay (i.e., 50 pg/ml). As shown in Fig. 7 , following S. epidermidis infusions, there were no significant changes in the endotoxin levels (52.5±1.4 pg/ml, t = 0; 56.3±2.4 pg/ml, t = 60; 60.0±5.4 pg/ml, t = 300 min); on the other hand, injections of killed and washed E. coli were associated with significant elevation of serum LPS levels (1,150±42 pg/ml, t = 60; 838±374 pg/ml, t = 300 min).
The white blood cell (WBC) and platelet counts were evaluated in rabbits infused with saline, S. epidermidis, or E. coli. Rabbits infused with either 1.0 X 101 S. epidermidis/kg or 5.0 X I09 E. coli/kg developed severe leukopenia and thrombocytopenia. The Figure 7 . Serum LPS levels after infusion of either saline, heat-killed S. epidermidis, 1 X 10"/kg, or heat-killed E. coli, 5 .0 x 109/kg.
-66.5±2.6%). Similar to the other parameters, the percent changes did not differ at any time points between animals infused with either S. epidermidis or E. coli. Tissue studies. Gross anatomical and microscopic abnormalities were similar in rabbits infused with either high dose S. epidermidis or 20-fold less E. coli. Gross abnormalities were confined to the lungs that showed focal or diffuse hyperemia. Microscopic sections ofthe lungs revealed engorgement ofcapillaries with erythrocytes and polymorphonuclear leukocytes, including some in aggregates. Margination of neutrophils in larger pulmonary vessels was also observed. The livers showed acute hepatocellular necrosis and diffuse infiltration of neutrophils with neutrophil aggregates in the sinusoids. Necrosis was multifocal with embolic or miliary like distribution, and was confined to single or small clusters of hepatocytes (Fig. 8 A) .
There was disruption of hepatic cords with necrosis and acute inflammatory cells (Fig. 8 B) which had the appearance ofearly "microabscesses." Although the bacteria used in this study were not viable, the appearance of the liver was similar to that seen in patients with overwhelming sepsis. The kidneys showed cellular aggregates of neutrophils, platelets, and fibrin within small intrarenal veins (Fig. 8 C) . Histologic examination ofthe heart, lungs, liver, spleen, kidneys, and gastrointestinal tracts of rabbits infused with saline revealed no abnormalities.
Tissue Gram-stain (Brown-Brenn stain) disclosed dissemination of Gram-positive cocci in the lungs, liver, spleen, and kidneys of rabbits receiving S. epidermidis via the superior vena caval infusion. These cocci were localized to resident macrophages, Kupffer cells (Fig. 8 D) , intravascular mononuclear phagocytes, and neutrophils (Fig. 8 C) . These microorganisms were particularly prominent within the neutrophil aggregates in the lungs, liver, and in the microabscesses ofthe liver. Grampositive cocci were also observed in glomerular capillaries (Fig.   8 E) and intrarenal veins.
In vitro TNF and IL-I production in response to S. epidermidis, E. coli, LTA, or LPS. TNF, IL-la, and IL-1p3 were synthesized by rabbit PBMC in response to either S. epidermidis, E. coli, LTA, or LPS. The potency of each stimulus to induce these cytokines differed. For the same number of bacteria, cytokine production by E. coli-stimulated PBMC was approximately two to five times greater than that by S. epidermidis (Fig. 9) . Cytokine production increased in a dose-dependent fashion with increasing bacterial number. At the linear portion ofthe curve, a 10-to 100-fold greater number ofS. epidermidis was required to induce the same level of cytokine as E. coli.
As shown in Fig. 10 , LTA also induced TNF and IL-la production by PBMC in a dose-dependent fashion, without being affected by PMB. PMB significantly reduced the potency ofE. coli, but decreased the potency ofLPS to a greater degree. No effect was seen by PMB on cytokine production induced by either S. epidermidis or LTA (Fig. 9 and Fig. 10 ). The amount of TNF induced by 100 ug/ml of LTA was nearly equal to that induced by 1 gg/ml of LPS. The dose-response curve for LPS levels off at 100 ng/ml whereas LTA induced a sharp increase from 10 to 100 ,ug/ml.
Discussion
Models for septic shock syndrome have usually employed LPS or Gram-negative bacteria. However, the syndrome can also occur during the course of Gram-positive bacteremia (19) (20) (21) (22) (23) and the prognosis for patients with Gram-negative or positive bacteremias does not differ greatly (35, 36) . Natanson et al. (25) demonstrated that Staphylococcus aureus, in the absence of endotoxemia, induced the same cardiovascular abnormalities of septic shock as E. coli in the dog, suggesting that distinct microorganisms or their products activate common mediators ofthe shock syndrome. Activated complement, PAF, and cytokines are likely mediators in inducing shock during Gramnegative bacteremia, and these studies demonstrate that S. epidermidis induces a shock-like state with a similar degree of complement activation and cytokine generation, but in the absence of endotoxemia.
The amount and the time course of complement activation, cytokine generation, and hypotension induced by S. epidermidis were nearly identical to those induced by E. co/i. The hemodynamic derangements induced by either bacterium were characteristic of hyperdynamic septic shock (33) . IL-l and TNF levels correlated well (r = 0.81 and r = 0.48, respectively) with the degree of hypotension, whether induced by S. epidermidis or E. coli. Thus, septic shock does not require the participation of endotoxin, as Natanson et al. (25) suggested, but rather is linked to an overexpression of host factors, whether induced by Gram-negative or Gram-positive bacteria.
We compared the potency of S. epidermidis to E. coli in inducing TNF and IL-I production. One-twentieth the number of E. coli was equipotent to S. epidermidis in inducing complement activation, cytokine generation, and hypotension in vivo. During in vitro cytokine production by rabbit PBMC, a 10-to 100-fold greater number of heat-killed S. epidermidis was required to obtain the same level ofcytokine production as heat-killed E. coli. Using heat-killed S. epidermidis, exotoxins that might contribute to disease in vivo (37) were likely destroyed whereas LPS is unaffected by heat. Lipoteichoic acid, a heat stable component of most Gram-positive bacteria with some properties similar to LPS (28) and peptidoglycan (38) , likely contributed to TNF and IL-I production. However, LTA is less potent than LPS on a weight basis. LTA induction of IL-l and TNF was not due to contaminating LPS. In contrast, LPS is still present in the heat-killed E. co/i organisms. Another stimulant of cytokine synthesis is activated complement. Complement activation was observed in both S. epidermidis and E. coli bacteremias. Serum C5a-like neutrophil aggregating activity increased rapidly within 30 min and this was followed by serum TNF levels that peaked 60 min after the injection of either bacteria. As increased to peak levels 180 min after the infusion. The appearance and duration of circulating TNF and IL-l are nearly the same as those measured during experimental human endotoxemia or experimental E. coli bacteremia in animals (18, (39) (40) (41) . Since C5a induces TNF (42) and IL-1 (43) in vitro, our observation ofcomplement activation associated with either E. coli or S. epidermidis followed by elevation of these cytokines in the circulation suggests that complement activation in vivo provides one of the triggers for cytokine production. IL-I and TNF themselves may also contribute to cytokine production.
Injection ofrecombinant IL-l or TNF into rabbits induces the appearance of each other in the circulation (44, 45) . This cytokine autoamplification is apparently also taking place during E. coli sepsis in baboons since pretreatment with neutralizing antibodies to TNF reduces circulating IL-I levels (18) . The cytokine autoamplification event may be important in the pathogenesis of the shock syndrome and particularly in producing tissue damage. In these studies, we observed areas of focal tissue injury with neutrophil aggregates, intravascular coagulation, and fibrin deposition in rabbits injected with heatkilled S. epidermidis. In endothelial cells, TNF and IL-I induce each other's synthesis, procoagulant activity (46) , and increased neutrophil adherence to endothelial cells (47) which likely contribute to tissue damage. In the absence of bacteria, tissue damage has been observed following TNF (1) but particularly the combination ofIL-I and TNF (3, 48) . Thus, the coinduction of cytokines at the tissue level may be an important event in cytokine-mediated tissue injury.
An important part of these studies was to correlate IL-l production with hemodynamic changes during non-endotoxin-induced shock in the rabbit. Since many ofthe hemodynamic changes associated with the septic shock syndrome in humans and larger animals are not observed in the rabbit, and since the bolus injection oforganisms compresses the effects of sepsis into a relatively short period of time, the rabbit clearly has limitations, and the model is vulnerable to over interpretation. However, the rabbit is well-suited for studying the production of and responses to IL-1 and TNF, even in the anesthetized state. Using specific RIA's, it was possible to quantitate IL-I production during either E. coli or S. epidermidis bacteremia and correlate these levels with the degree of hypotension. Are these correlations valid? The rabbit, although anesthetized, and humans have similar dose responses to the biological effects ofintravenously injected IL-1; for example, the pyrogenic response to IL-I is 10-100 ng/kg in both species (30, 49, 50) .
The rabbit develops hypotension following 1-5 gg/kg of hu- ng-l .0 Ag/kg and severe (stage IV) hypotension was observed following a single intravenous injection of 1 Mg/kg (50). Hypotension is, in fact, the dose-limiting toxicity (at 300 ng/kg) for IL-I in human trials. Similar to IL-1, the rabbit dose response to the pyrogenic (44) and hypotensive effect ofTNF (3) is similar to those published in several clinical trials. In this study, we have shown that IL-I levels correlate with the degree of hypotension regardless of the presence of endotoxemia, but other studies have provided evidence for an essential role for IL-1 in the septic shock syndrome. The IL-I receptor antagonist that blocks only IL-I binding to its cell surface receptor prevents lethality of LPS and the hypotension of E. coli bacteremia in rabbits (51, 52) ; these effects of the IL-1 receptor antagonist have also been observed in baboons given viable E. coli (Moldawer, L.; personal communication). Although TNF has been shown to be a critical mediator of septic shock syndrome, the present data support the concept that IL-I also plays important role, and is required for the evolution of this fatal syndrome.
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bacterial number/PBMC Figure 9 . In vitro TNF and IL-la production by rabbit PBMC stimulated with different concentrations of heat-killed S. epidermidis or E. coli. All incubations were performed in the absence or presence of 5 gg/ml PMB. Total cytokine production (supernatants plus cell lysates) after a 24-h incubation was determined by the L929 assay for TNF (A), or specific RIA for rabbit IL-la (B). Similar results were obtained in two additional experiments. 
